The paper presents a research on the heat-transfer coefficient at the surface of a sprinkled tube bundle, using a boiling simulation. A tube bundle consists of thirteen copper tubes divided into two rows and it is located in a low-pressure chamber where vacuum is generated by an exhauster via an ejector. The liquid tested was water at the absolute pressure in the chamber of 96.8-12.3 kPa and at a thermal gradient of 55-30°C between the cooled liquid flowing upwards inside the exchanger and the heated falling film liquid. The flow of the falling film liquid ranged from 0-17 L/min. Two types of tubes were tested, a smooth one and a sandblasted one. The correlation of the average heat-transfer coefficient at the surfaces of both tube types was identified. Keywords: sprinkled, water, under-pressure, heat transfer lanek predstavlja raziskavo koeficienta prenosa toplote na povr{ini potresenega snopa cevi s simulacijo vrenja. Snop cevi sestoji iz trinajstih bakrenih cevi, razporejenih v dve vrsti in se nahaja v nizko tla~ni komori, kjer se ustvarja vakuum s pomo~jo aspiratorja preko ejektorja. Preizkusna teko~ina je bila voda pri absolutnem tlaku v komori med 96,8 kPa do 12,3 kPa in toplotnim gradientom 55°C do 30°C med ohlajeno teko~ino, ki je tekla znotraj izmenjevalca navzgor in padajo~o tanko plastjo segrete teko~ine. Tok padajo~e teko~ine je bil med 0 L/min in 17 L/min. Preizku{eni sta bili dve vrsti cevi, gladka in peskana. Postavljena je bila korelacija povpre~nega koeficienta prenosa toplote na povr{ini obeh vrst cevi.
INTRODUCTION
On a horizontal tube bundle sprinkled with a liquid at a low flow rate, a thin liquid film is formed that facilitates an effective heat transfer. The liquid flowing through the bundle may form three basic sprinkle modes visible in Figure 1 . These are: a) the droplet mode, b) the jet mode and c) the membrane (sheet) mode. 1 The transition from the droplet into the jet mode is defined with at least one stable water column among the droplets. The transition from the jet into the membrane mode is defined with the columns' connections and their creation of small triangular sheets. In this mode, columns and sheets exist side by side. The type of mode depends mainly on the tube pitch at a horizontal tube bundle, the flow rate and physical properties of the liquid.
ANALYSIS
This paper presents the results of the heat-transfer coefficient at the surface of a sprinkled tube bundle situated in a low-pressure environment, where the water flowing outside the bundle has not yet reached the boiling point. For the practical use of the experimental results and their generalisation for a wide range of operational parameters, Chun and Seban 2 suggested the mathematical dependence of the Nusselt number (Nu [-] ) on the Reynolds number (Re [-] ) that expresses the fallingfilm-liquid flow, the Prandtl number (Pr [-] ) that is functionally dependent mainly on the falling-film-liquid temperature and the pressure in the surroundings of the liquid, and, in the case that the surface of the sprinkled tube boils, it also includes the thermal flow density. The Nusselt number for a non-boiling liquid can be generally defined as: 4 published the results of their experiments where they always sprinkled one brass, electrically heated tube. The experiments were conducted in the temperature range of the falling film liquid between 49°C and 127°C, in an input range of 30-80 kW/m 2 and at a falling-film-liquid mass flow related to the tube length (G) of 0.135-0.366 kg/(s m). The measured data for water that was not boiling at the tube surface were used to derive empirical equations for the average heat-transfer coefficient for tube diameters of 25.4 mm (1") and 50.8 mm (2") based on Equation (1): 
where μ (Pa s) is the dynamic viscosity, a (m 2 s -1 ) is the thermal diffusivity and the water properties were determined with the average temperature of the tube-wall temperature and the input falling-film-liquid temperature. When determining Equation (2) for the tube diameter of 25.4 mm, the relative error reached seven percent and seven data points out of fifty-two deviated by more than 10 %. With Equation (3), derived for the tube diameter of 50.8 mm, the relative error reached the maximum of 8 %. W. L. Owens 3 published the results of his research on the heat-transfer coefficient at the surface of one smooth stainless-steel tube of one-and two-inch diameters that was sprinkled with both water boiling at the tube surface and non-boiling water, in a Reynolds-number range of 120-10 4 [-] . In comparison with K. R. Chun's and R. A. Seban's 2 equations that already formed the basis for a derivation of the empirical dependencies of the abovementioned W. A. Parken and al. 4 , W. L. Owens reached the conclusion that the Nusselt number (or the heattransfer coefficient at the tube surface) is not, at all conditions, dependent on the Reynolds number. However, eventually he added to his equations the dimensionless ratio of the distance between the sprinkling and the sprinkled tube to the sprinkled-tube diameter, the total of this raised to the power of one tenth.
When assessing and determining the empirical dependence, W. L. Owens 3 used dispersion diagrams, which proved the necessity of the extraction of the root of the Prandtl number by the second power, helping to achieve a linearization in relation to the rest of the parameters in the following equations of the Nusselt-number calculation with a relatively low value dispersion (all the equation deviations were determined at 10 %). The final empirical dependence of the heat-transfer coefficient of non-boiling water for the laminar mode lies in Equation (4) and for the turbulent mode in Equation (5):
where s (m) is the pitch pipe, D (m) is the tube diameter and the transition between these modes was determined by W. L. Owens 3 in Equation (6):
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In the case of boiling occurring at the tube surface, Owens 3 assumed a fully developed turbulent flow, for which the following heat-transfer-coefficient equation stands:
.
Should the temperature of the tube wall be higher than the temperature of the saturated liquid flowing around the tube, although the liquid does not reach this temperature, the so-called undercooled boiling may occur. This generalised assumption can be deepened by the criterion that undercooled boiling can be viewed at the tube where the bubbles appear. The temperature at the bubble surface is higher or equal to the temperature of the saturated liquid, corresponding to the pressure inside the bubbles. This phenomenon was studied by 
where the mean quadratic deviation equalled 3.1 % at the smaller diameter and 3.3 % at the larger diameter and only one point out of 33 exceeded such a deviation at the smaller diameter and 4 points out of 39 at the larger diameter, which makes about 10 %.
EXPERIMENTAL DEVICE
For the purposes of examining the heat transfer at sprinkled tube bundles, a test apparatus was constructed at the Brno University of Technology (Figure 2) . The tube bundle, at which both boiling and condensation can be simulated, is placed in a vessel where a low pressure is created by an exhauster through an ejector.
The low-pressure stand chamber is a cylindrical vessel, 1.2 m in length, with three apertures, in which the tube bundle of an examined length of 940 mm is inserted. The tube bundle is installed in two fitting metal sheets, which define the sprinkled area. The bundle is divided into two rows and consists of 13 (7 and 6) copper tubes of a 12-mm diameter with a tube pitch of 25 mm. The bundle is U-shaped and the flow in the loop is uninterrupted.
Two closed loops are connected to the chamber; a sprinkled one and a sprinkling one. The sprinkled loop is designed for an overpressure of up to 1.0 MPa and it functions as a cooling/heating liquid conveyor. There are a pump, a regulation valve, a flow meter and a plate heat exchanger attached to both loops. The plate heat exchanger can be connected to a boiler or a gas boiler with hot water designated for the liquid heating-up or cooling water in the case of cooling. In order to enable visual control, the sprinkled loop also includes a manometer and a thermometer. The thermal status in individual loops is measured with wrapped unearthed T-type thermocouples on the agents' input and output from the vessel. There are three vacuum gauges measuring the low pressure. The first vacuum gauge is designed for the visual control and it is a mercury meter; the second digital vacuum gauge, Baumer TED6, enables the measuring within the whole desired low-pressure range, but it is less accurate with lower pressure values. To allow accurate measuring of the low spectrum, the third digital vacuum gauge with a range of 2.0-0 kPa is used. The accuracy of the vacuum gauge, providing the results for the assessment, is 0.5 % of the measured range, i.e., ± 0.5 kPa.
Electromagnetic flow meters Flomag 3000 attached to both loops measure the flow rate. The measuring range of the flow meters is 0.0078-0.9424 L s -1 , where the accuracy is 0.5 % of the measured range, i.e., ± 0.00467 L s -1 . All the examined quantities are scanned with a frequency of 0.703 Hz, using measuring cards DAQ 56 either directly (thermocouples) or via transducers.
Apart from the influence of the sprinkled and sprinkling temperature media, the absolute pressure in the vessel and the medium flow for the studied heat-transfer coefficient at the tube surface, the influence of the tube surface type is also investigated. The illustration of the tested tube surfaces can be found in Figure 3 . The sandblasted surface was treated with a blast-furnace slag to make it coarser, but the reduction of the material was insignificant, so the effect of this technology modification is negligible.
The evaluation of the measured data is based on the thermal balance between the sprinkled and sprinkling loop according to the law of conservation of energy. The transferred heat comprises convection, conduction and radiation. At lower temperatures, the heat transferred by radiation is negligible; therefore, it is excluded from further calculations. The calculation of the studied heattransfer coefficient is based on Newton's heat-transfer law and Fourier's heat-conduction law.
RESULTS
The final dependence of the heat-transfer coefficient on the smooth tube surface is shown with blue points in Figure 4 . In this mode, hot water flows inside the tubes with the average input temperature of 55.2°C, with a statistical deviation of four tenths of a degree and with the average flow rate of 12.4 ± 0.5 L min -1 . The exchanger is sprinkled with cool water with the average input temperature of 29.9 ± 0.5°C and the sprinkling-liquid flow rate ranges from 1.0 L to 15.8 L min -1 . This mode was tested at a pressure level of 96.8-12.9 kPa (atmospheric pressure at the time of measurement). The same diagram displays the dependence of the heat-transfer coefficient on the sandblasted tubes with red points. In this mode, the average temperature of the closed-loop input was 55.1°C, having a statistical deviation of half a For the purpose of a comparison with the other authors, analogy criteria and the functional dependence between them were used, as visible on Figure 5 , where the points indicating "smooth", including the curve connecting the points, stand for the resulting Nusselt number, which is the function of the Reynolds number and it is derived from the first section of Equation (1) . The same applies to the points indicating "sandblasted". The average measuring-device error related to the heattransfer coefficient at the tube-bundle surface is displayed at individual points; it is recalculated into the Nusselt number and it is the same, in relative values, as for the heat-transfer coefficient. This figure does not display all the measured points, but only the above-mentioned selected points. Status variables used in the equations defined by other authors and displayed in the same figure were taken from these particular points.
The results of the measurement are compared with two other authors and one author team. The first comparison is with Parken et al. 4 , displaying the points (a) for the tube diameter of 25.4 mm according to Equation (2) and the points (b) for the tube diameter of 50.8 mm according to Equation (3) . Another comparison is with Sernas 5 , displaying the points for the same diameters according to Functions (8) and (9). The last author whose points are included in the figure is Owens 3 , who defined the functions for various diameters, i.e., the functions for a laminar and a turbulent flow. With respect to the high Prandtl number, with which the transit Reynolds number is determined according to Equation (6), the case is considered to be a turbulent flow in the entire measured range. Therefore, the points are displayed according to Equation (5) . The points are connected by a conveniently selected curve to highlight the trend. Criterial functions were derived for the whole statistical collection of the measured data for the bundles of smooth or sandblasted tubes. When determining the criterial equation, the recommended Chun's and Seban's 2 Equation (1) was not effective, although it is most frequently applied by many authors. Within the regression analysis the given trend was best expressed with a linear combination of power functions:
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where coefficients c, e, g, i were estimated on the basis of the function parameters and the other coefficients were calculated with a statistical software. All the coefficients for the smooth and sandblasted tubes are given in Table 1 . Both forms of derived equation were tested comparatively against the originally calculated values of the Nusselt number; in the case of smooth tubes, it was 2483 points. For this statistical collection, a relative error of 4.25 % and a relative mean quadratic deviation of 4.72 % were set; they are below 5 % that is generally considered as the limit for a well-defined regression function. In the case of sandblasted tubes, 1874 points were measured (calculated) which, in comparison with the derived function, showed a relative error of 4.50 % and a relative mean quadratic deviation of 4.63 %, which are also below the 5 % limit.
CONCLUSIONS
This paper presents a research on the heat-transfer coefficient at the surface of a sprinkled tube exchanger where the falling film liquid was heated. This tube bundle was tested in a low-pressure chamber, in a pressure range of 96.8-12.3 kPa(abs) and at a thermal gradient of 55-30°C with various falling-film-liquid flow rates. Two different types of the tube-bundle surface were studied, i.e., a smooth one and a sandblasted one, while the geometries of the heat exchangers were identical. Correlations of the mean heat-transfer coefficient at the tube surface were determined for both heat-exchanger types and these were compared with the other authors who conducted research on the heat-transfer coefficient in a sprinkled tube with water as the falling film liquid that did not reach the boiling point.
When comparing the results with the other authors, it is necessary to consider the difference as merely orientational, due to the following reasons. The studied tube bundle was made of copper tubes with a 12 mm diameter and the total bundle length of 12.22 m. The other authors studied the heat-transfer coefficient at a single short smooth tube with a 1-m length, and 1" and 2" diameters; in Sernas and Parken's case, the tubes were made of brass and in Owens's case, they were made of stainless steel. In spite of that, a significant correspondence of the Nusselt number occurred in the case of the tube bundle with a smooth surface where the Reynolds number was higher than approximately 400 [-] .
